Harvested and non-harvested tin thiohypodiphosphate (Sn 2 P 2 S 6 ) ferroelectric nanoparticles are used to dope the 4-n-octyl-4 0 -cyanobiphenyl liquid crystal (8CB). Due to their higher average spontaneous polarization, the harvested nanoparticles have stronger interactions with the liquid crystal molecules which leads to a higher order parameter as demonstrated by the increase in phase transition temperatures. This is confirmed by the results of dielectric characterization. In the homeotropic orientation, the increase in the order parameter leads to a higher dielectric permittivity. In the planar orientation, the coupling between the spontaneous polarization of the nanoparticles and the order parameter induces a slight reorientation of the liquid crystal director from the initial planar orientation, leading to an increase in the dielectric permittivity. This effect is more important for the liquid crystal doped with harvested nanoparticles.
Introduction
Nematic liquid crystals doped with ferroelectric nanoparticles have been of great interest over the past decade. This hybrid system is obtained by the dispersion of low nanoparticle concentrations (<1 wt%), which allows the modication of several intrinsic properties of the liquid crystal, such as the optical diffraction and birefringence, 1-3 the dielectric anisotropy, [4] [5] [6] and the phase transition temperatures. 7, 8 These hybrid materials open new perspectives to improve the performance of liquid crystal based devices. 5, [9] [10] [11] Due to the effects of spontaneous polarization, doping with ferroelectric nanoparticles leads to an increase in the liquid crystal order parameter. 7, 8, 12, 13 The permanent polarization of nanoparticles depends on their size, shape and aggregation, the mechanical treatment, etc.
14 In some cases, elaboration leads to nanoparticles with different spontaneous polarizations; a part of them can present a weak or null spontaneous polarization. The absence of permanent polarizations of nanoparticles is considered to be responsible for the low reproducibility of the performances of these hybrid systems. 8, 15 Recently, the harvesting technique proposed by G. Cook et al. has been used for extracting single nanoparticles with strong permanent dipole moments. [16] [17] [18] [19] [20] [21] [22] As reported by A. Rudzki et al., harvested ferroelectric barium titanate (BaTiO 3 ) nanoparticles present a polarization four times higher than that of the non-harvested nanoparticles. 21, 22 In this paper, we use broadband dielectric spectroscopy to determine the dielectric properties and phase transitions of the 4-n-octyl-4 0 -cyanobiphenyl liquid crystal (8CB) doped with harvested and nonharvested ferroelectric nanoparticles.
Experimental

Materials
In this study, the 8CB liquid crystal from Frinton Laboratories (USA) was used as the matrix. It presents a large dielectric anisotropy 3 0 a z 8 at room temperature and exhibits the following phase sequence: crystalline (C)-smectic A (SmA)-nematic (N)-isotropic (I).
We carried out measurements on the suspension of the 8CB nematic liquid crystal doped with tin thiohypodiphosphate (Sn 2 P 2 S 6 ) nanoparticles. The Sn 2 P 2 S 6 crystals were synthesized at Uzhgorod University and the nanoparticles were produced by the Reznikov group. At room temperature, the single crystal had a spontaneous polarization (P) of 14 mC cm À2 parallel to the prepared by milling microsized particles together with oleic acid in a vibration mill for 120 h. The oleic acid was used as a surfactant on the nanoparticles' surfaces in order to avoid the formation of aggregates. 8 The nanoparticle suspension was obtained at a concentration of 0.1 wt%. The morphology of the resulting particles was characterized using atomic force microscopy (AFM, Veeco multimode equipped with a nanoscope IIIa controller, power of diode laser: 1 mW, l ¼ 690 nm) by depositing the nanoparticle/heptane stabilized suspension on quartz substrate by a dip coating method, as shown in Fig. 1 . The size distribution of the obtained nanoparticles is shown in Fig. 2 as a histogram; the data was tted with the Gaussian distribution function: 
where x c denotes the average nanoparticle diameter and w is the standard deviation. The average diameter of the resulting nanoparticles was found to be 38 nm.
The nanoparticles in the resulting suspension were selected by the harvesting technique. In this method, separation of the polarized and non-polarized particles occurred in the gradient of a DC eld between 10 and 20 kV, which was applied to the nanoparticle suspension. 16, 25 The harvesting procedure was performed using the experimental setup proposed in ref. 16 . In this method, the suspension of ferroelectric particles and surfactant in heptane was put in a glass container. There was a thin inner wire electrode at the center of the container and an external radial foil electrode wrapped around the container. The inner wire electrode was put inside a thin-walled, sealed glass capillary tube. The physical separation between the inner wire electrode and the outer foil electrode was approximately 1 cm. When the high DC voltage was applied to the inner wire electrode while the outer foil electrode was grounded, a strong gradient of the eld was produced in the direction of the inner electrode. Then the nanoparticles with strong polarization were collected on the inner electrode, and the average diameter obtained from eqn (1) was about 18 nm as shown in Fig. 2 . This harvesting technique selected a very small number of nanoparticles which could not be weighed. The dispersion of these nanoparticles in heptane resulted in an unknown concentration which was still much lower than the suspension of nonharvested nanoparticles. This could be visually checked from the suspension color which presented a more clear aspect.
The two types of ferroelectric nanoparticles in heptane were dissolved in the 8CB liquid crystal with different concentrations (Table 1) and then mixed by magnetic agitation for 30 min at 50 C to ensure homogeneous dispersion. These nanocolloids were stirred ultrasonically for one day and the solvent was then slowly evaporated. The present comparative study concerns the non-doped liquid crystal (nanocolloid #1), one nanocolloid with non-harvested nanoparticles (nanocolloid #2) and two nanocolloids with harvested nanoparticles (nanocolloids #3 and #4). For the non-harvested nanoparticles dispersed with the 8CB liquid crystal, we previously showed that the volume concentration, f NP ¼ 0.08%, allows optimization of the effects of the nanoparticles. 8, 13 Moreover this concentration corresponds to a homogeneous dispersion. For these reasons, this concentration was chosen for nanocolloid #2. Using the suspension containing the harvested nanoparticles, we prepared one nanocolloid (#3) with the same quantity of suspension during the elaboration as for nanocolloid #2, then the concentration f NP3 was much lower than that of nanocolloid #2. Nanocolloid #4 presented a concentration f NP4 ¼ 3f NP3 . To estimate the statistical measurement errors in comparison with any variation due to the effects of the nanoparticles, we prepared a minimum of two mixtures for each concentration of nanoparticles. Table 1 Compositions of the nanocolloids studied in the present paper
Experimental setup
Differential Scanning Calorimetry (DSC) measurements were performed on TA Instruments (DSCQ1000) equipped with a liquid nitrogen system allowing cooling and heating ramps. A rate of 2 C min À1 (for heating and cooling runs) was applied in the temperature range from 20 C to 80 C. For each mixture, DSC measurements were carried out for at least two samples, and two experiments were carried out for each sample.
For the dielectric measurements we used commercial cells from PPW AWAT (Poland) made from two glass substrates coated with conducting ITO (indium tin oxide) layers. On the ITO layers, the polyimides SE130 and SE1211 were coated to align the liquid crystal molecules with the planar and homeotropic orientations, respectively. The cells had a thickness of 20 mm and were lled by capillary action with the nanocolloids in nematic phase. The cells were then introduced in an appropriate heating stage and measurements were made using a Hewlett Packard 4284A Impedance Analyzer covering the frequency range from f ¼ 20 Hz to f ¼ 1 MHz. 13 The amplitude of the measuring sinusoidal electric eld was xed at 0.1 V. For each mixture, a minimum of two samples were measured for each orientation. Table 2 shows the shis DT SmA-N and DT N-I between the phase transition temperatures of the nanocolloids and those of the non-doped liquid crystal. These shis indicate a variation of the liquid crystal order parameter S LC related to the doping ferroelectric nanoparticles, which also present an order parameter S NP in the nanocolloids. We have previously discussed the origin of the shis DT SmA-N and DT N-I ; 8,13 they result from a competition between two principal effects. The rst effect, related to the permanent polarization of nanoparticles, is favorable to the increase of phase transition temperatures. 7, 12 The second effect is linked to the anchoring interactions between liquid crystal molecules and inclusions;
Results and discussion
Phase transition temperatures from calorimetric measurements
26-28 these interactions disturb the liquid crystal order and are unfavorable to the increase of phase transition temperatures.
For the non-harvested Sn 2 P 2 S 6 nanoparticles dispersed in the 8CB liquid crystal (nanocolloid #2), we have already demonstrated that the shi DT N-I determined from the DSC measurements is negative and increases (in absolute value) with the nanoparticle concentration. This indicates a decrease of the liquid crystal order parameter due to a predominant anchoring effect.
8 For low concentrations (f NP < 0.13%, homogeneous nanoparticles dispersion), the dependence of DT N-I on the nanoparticle concentration is quasi-linear; it becomes stronger for higher concentrations due to the reduction of the polarization effect by the formation of aggregates. Moreover, the shi DT SmA-N increases for low concentrations (predominant polarization effect) and then decreases for higher concentrations (predominant anchoring effect). In this study, the discussion is focused on nanocolloids with homogeneous nanoparticle dispersion. 8 In such conditions, both the polarization and anchoring effects induce a linear dependence of T N-I on the nanoparticle concentration according to the expressions: 5, 7, 8, 12, 28 
where 3 0 a , k B , r LC , 3 0 and 3 correspond to the liquid crystal anisotropy, Boltzmann constant, liquid crystal molecular density, permittivity of free space and liquid crystal dielectric constant, respectively. B is the anchoring parameter dened by Matsuyama, and relates to the elastic interactions.
28 When B ¼ 0, eqn (3) leads to a simplied equation explaining the wellknown dilution effect. From eqn (2) and (3), we can also deduce that the shi of T N-I linked to polarization and anchoring linearly increases or decreases with nanoparticle concentration. Table 2 clearly shows that nanocolloid #3 with harvested nanoparticles presented shis DT N-I and DT SmA-N which were higher than those of nanocolloid #2, although the nanoparticle concentration in nanocolloid #3 was much lower than in nanocolloid #2. This means that the ratio between the polarization and anchoring effects was more pronounced in the suspension with harvested nanoparticles. Concerning the smectic-A-nematic phase transition, the observed shi for each nanocolloid was higher than DT N-I , which conrms that the ferroelectric nanoparticle polarization effect is more favorable to smectic A order, as discussed in our previous paper.
8
It is interesting to compare the results of the nanocolloids with the harvested nanoparticles (nanocolloids #3 and #4). In comparison with nanocolloid #3, nanocolloid #4 presented a concentration three times higher, but a DT N-I shi only nearly two times higher. This non-linear increase led to a saturation effect of the phase transition temperature and the order parameter. We highlight that the saturation is not taken into account in eqn (2) . However, the smectic-A-nematic phase transition temperature had a different nanoparticle concentration dependence to that of T N-I . This could be related to the presence of the coupling between smectic and nematic ordering. 
Phase transition temperatures from dielectric measurements
We previously showed that phase transition temperatures can also be determined from the temperature dependence of dielectric permittivity. 13 The phase transition temperature T N-I was obtained from the discontinuities of the plots 3 Table 3 . We noticed that all of the phase transition temperatures of the nanocolloids obtained from dielectric measurements (Table  3) were higher than those determined from the DSC measurements (Table 2 ). This is in agreement with the results previously published for 8CB/non-harvested Sn 2 P 2 S 6 nanocolloids. 13 Indeed, the measuring AC electric eld amplied the polarization effect because the permanent dipoles of nanoparticles tend to align in the direction of the electric eld, thus the polar order of the nanoparticles, S NP , improved the nematic liquid crystal order, S LC , in accordance with the following equation:
where K NP describes the strength of the polar interactions between liquid crystal molecules and nanoparticles. We noticed that the electric eld effect was slightly observable for the T SmA-N of the non-doped liquid crystal. The amplication of the polarization effect due to the electric eld led to a positive value of T N-I for nanocolloid #2, contrary to that determined from the DSC measurements. The polarization effect became predominant compared to the anchoring effect. As all of the shis of the phase transition temperatures of the nanocolloids under the electric eld were positive, we could deduce that the nanocolloids' order parameter during the dielectric measurements was higher than that of the non-doped liquid crystal. Thus, the polarization effect was predominant and the discussion below and in the next section is focused on this effect. It is interesting to evaluate the difference between the nanoparticle effects with and without electric eld. Table 3 shows the differences between the shis obtained from the two experimental methods: dT ¼ DT Dielectric À DT DSC . From these values, we noticed that the nanocolloids with harvested nanoparticles (#3 and #4) presented lower values of dT N-I and dT SmA-N compared to those of nanocolloid #2; this means that the electric eld effect was less pronounced with the harvested nanoparticles. Indeed, the order parameter of nanocolloid #2 was lower as discussed in the above section; it could be improved more easily by the electric eld. This was conrmed by comparing nanocolloids #3 and #4. Moreover, for nanocolloid #4, we highlight the zero value of dT SmA-N , which means that the T SmA-N measured from DSC characterization corresponds to a saturated order parameter.
Dielectric permittivities and anisotropy
The measured permittivities of the four nanocolloids with the two orientations and the corresponding dielectric anisotropy are given in Table 4 . Due to the very low nanoparticle concentrations, the contribution of the Sn 2 P 2 S 6 permittivity to the dielectric response of the nanocolloids could be neglected.
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Thus, the measured dielectric permittivity resulted only from the dielectric response of the liquid crystal molecules, which were affected by the reorientational effect of the electric eld on the permanent dipoles of ferroelectric nanoparticles.
In the homeotropic orientation and before applying the electric eld (Fig. 5(a) ), the doped liquid crystal showed an order parameter S k (E ¼ 0), which could be higher (nanocolloids #3 and #4) or lower (nanocolloid #2 near the nematic-isotropic phase transition) than that of the non-doped liquid crystal S 0 LC due to the competition between the anchoring and the permanent polarization effect as discussed in the Section 3.1. During the dielectric measurements, the order parameter of the nanocolloids increased due to the coupling between the permanent polarization of the nanoparticles and the AC electric eld: the nanoparticles' dipoles aligned in the direction of the electric eld and, due to the polarization effect, the liquid crystal molecules aligned with the nanoparticles. This effect improved the liquid crystal order parameter (Fig. 5(b) ) and explained the increase in the measured permittivities in the homeotropic orientation (Table 4(a) ). To compare the inuence of harvested and non-harvested nanoparticles on the dielectric permittivity 3 0 k , we present in Fig. 6 (a) the increase in 3 0 k with respect to that of the non-doped liquid crystal. We observed that the nanocolloids with harvested nanoparticles (#3 and #4) presented a higher increase in 3 0 k , which indicated a stronger coupling between the permanent polarization of the nanoparticles and the electric eld. The liquid crystal ordering was then improved and the measured permittivity 3 0 k was increased. We also highlight that all of the shis D3 0 k near the nematicisotropic phase transition were slightly higher than those measured near the smectic-A-nematic phase transition. This is probably related to the lower viscosity of the liquid crystal near the nematic-isotropic phase transition, which is more favorable for the nanoparticles to reorientate under the AC electric eld.
13,31
As in the homeotropic orientation, the electric eld in the planar orientation also induced the improvement of the liquid crystal order as shown by the increase in DT N-I (Table 3) . However, during dielectric measurements, the permanent dipole moments of nanoparticles tend to reorientate parallel to the direction of the measuring electric eld, thus the initial planar orientation of the nanocolloid was disturbed (Fig. 5(c)  and (d) ). The real orientation presents a reorientation angle q from the initial orientation, which affects the measured values of the permittivities. By increasing the nanoparticles' polarization, the angle q, and consequently the measured permittivity, increased. Due to the higher average polarization of the harvested nanoparticles and despite the lower nanoparticle concentrations of nanocolloids #3 and #4, the measured permittivities 3 0 t were higher than that of nanocolloid #2 as shown in Table 4 (b). In Fig. 6(b) we present the variation of the measured permittivity D3 0 t of the nanocolloids with respect to that of the non-doped liquid crystal. Contrary to the homeotropic orientation, for each nanocolloid, the shi D3 0 t near the smectic-A-nematic phase transition was higher than that near the nematic-isotropic phase transition. Indeed, the viscosity inuence was favorable to a higher value of the angle q near the nematic-isotropic phase transition, but the measured permittivity was more sensitive to q variations near the smectic-Anematic phase transition where the dielectric anisotropy was much higher than near the nematic-isotropic phase transition.
The static dielectric anisotropy 3
t was estimated from the measured dielectric permittivity in the planar and homeotropic orientations (Table 4(c) ). The nanocolloids presented a dielectric anisotropy higher than that of the non-doped liquid crystal, which means that the favorable effect of the nanoparticles in the homeotropic orientation was predominant compared to that in the planar orientation. Table 4 (c) shows a clear increase in the dielectric anisotropy for the harvested nanoparticles. These results are in agreement with the increase in the order parameter evidenced from the phase transition temperatures obtained by the dielectric measurements as discussed above (Table 3) . Near the nematic-isotropic phase transition, the improvement of the anisotropy D3 0 a of nanocolloids #3 and #4 was about 110% and 160%, respectively, compared with that of nanocolloid #2 (Fig. 6(c) ). This improvement was less important near the smectic-Anematic phase transition (about 70% and 140% for nanocolloids #3 and #4).
Conclusion
In this work, we presented a comparative study on the phase transition temperatures and dielectric properties of the 8CB liquid crystal doped with harvested and non-harvested Sn 2 P 2 S 6 ferroelectric nanoparticles. The experimental data obtained from DSC characterizations showed that an increase in the average polarization of the harvested nanoparticles leads to a more signicant increase in the phase transition temperatures compared to that with non-harvested nanoparticles. During the dielectric measurements, the applied AC electric eld amplied the nanoparticles' polarization effect on the liquid crystal order parameter. This electric eld inuence was more important on the non-harvested nanoparticles.
Without an electric eld, the harvested nanoparticles strongly improved the order parameter; due to the saturation of the liquid crystal ordering, the electric eld could not signi-cantly amplify the coupling between the polarization and the order parameter. The coupling between the nanoparticle polarization and the electric eld led to different values of permittivity of the studied nanocolloids. In the homeotropic orientation, the highest values were obtained with the harvested nanoparticles in agreement with the increase in the order parameter observed from the DSC characterizations. In the planar orientation, the AC electric eld induced a new orientation, slightly shied from the initial conguration. This shi and the corresponding measured permittivity increased with the polarization. For this reason, the highest values of the measured permittivities were obtained from the nanocolloids with the harvested nanoparticles; these nanocolloids also showed the highest dielectric anisotropy in agreement with the highest order parameter. 
